Abstract. This study investigates image processing using the radial imaging capsule endoscope (RICE) system. First, an experimental environment is established in which a simulated object has a shape that is similar to a cylinder, such that a triaxial platform can be used to push the RICE into the sample and capture radial images. Then four algorithms (mean absolute error, mean square error, Pearson correlation coefficient, and deformation processing) are used to stitch the images together. The Pearson correlation coefficient method is the most effective algorithm because it yields the highest peak signal-to-noise ratio, higher than 80.69 compared to the original image. Furthermore, a living animal experiment is carried out. Finally, the Pearson correlation coefficient method and vector deformation processing are used to stitch the images that were captured in the living animal experiment. This method is very attractive because unlike the other methods, in which two lenses are required to reconstruct the geometrical image, RICE uses only one lens and one mirror.
Introduction
Diseases of the intestine are very difficult to treat because the intestine is very long and winding. Although the colonoscopy has been available for many years, it is still very difficult to use to obtain internal images because the length of intestine is about 7 m. Therefore, the Given Image Co. (Yoqneam, Israel) proposed a first-generation capsule endoscope called the M2A capsule endoscope. 1, 2 After this new endoscope entered the market, several companies and laboratories began conducting relevant research. They included a radio frequency (RF) system laboratory, Olympus in Japan, 3 and Intelligent Microsystems in Korea, China, and Taiwan. 4, 5 The capsule endoscope, developed several years ago, solved the main problems of capturing images inside the intestine. 6 Unfortunately, this kind of capsule endoscope can take only the front images; therefore, it also is known as front imaging capsule endoscope (FICE). 7 However, about 50,000 images are captured during a typical period of treatment, and having a doctor examine these images one at a time takes a long time. Therefore, this work develops a new generation of radial imaging capsule endoscopes (RICE) with a different imaging method, in which a cone mirror is used to obtain radial images. 7 In the RICE system, the regions in the images that are captured at different times have overlap, as shown in Fig. 1 . The image from the interior toward the exterior, black, green, white, and blue in concentric rings when t is zero. Then, RICE moves forward to t ¼ 1; the image then becomes green, white, and blue in concentric rings from the interior toward the exterior; similarly at t is 2 and 3. From this example, RICE provides images that can be related to each other, enabling the complete image to be reconstructed. 7 The images can be combined using a mathematical algorithm, enabling doctors to diagnose a disease more effectively because they do not need to examine these images one at a time.
However, some problems are encountered with the RICE system. They fall into two categories: imaging and lighting. With respect to the former, the cone mirror increases aberration and compresses the image, reducing the image resolution. 7 The structure of the RICE system differs from that of the FICE system. In the FICE system, the problem of stray light is solved by putting the LEDs on the elliptical focal plane of the dome, because of the stationarity optical path length. 8 However, the RICE system is composed of an extra cone mirror, so the problems of stray light and overblooming are very serious. Accordingly, this work mainly focuses on stitching the sequential images using different algorithms and solving the lighting and imaging problems by image processing. Finally, the image is reconstructed after image stitching.
in the FICE system.
7 Table 1 compares RICE with FICE; RICE uses a cone mirror and lenses to capture radial images, and the CCD resolution and pixel size are the same compared to FICE.
Radial Imaging Processing
This section introduces image processing in the RICE system. Figure 2 shows the steps. First, the RICE passes through a cylindrical object and takes photographs at different times. Second, the images are "unwrapped" by performing a coordinate transformation. Finally, an algorithm is utilized to stitch the unwrapped images and construct geometrical image of the object.
Analysis of RICE Imaging Properties

Compression of Images
The geometry of the cone mirror causes the problem of image compression in the RICE system. Each image is severely compressed when close to its center. This effect is also called warping, and it is shown in Fig. 3 . Clearly, images obtained using the RICE system can be treated as having polar coordinates. They are unwrapped by a coordinate transformation, using equations such as Eqs. (1) and (2). 9 In Fig. 3 , f ðx; yÞ represents a warped image; Oðx 0 ; y 0 Þ is Fig. 1 The images have overlapping regions in the RICE system. Fig. 2 The image-processing steps of the RICE system. Fig. 3 The top part reveals that the images are compressed by cone mirror; the bottom part shows the image is unwrapped by coordinate transform. the center of the warped image, and gðθ; zÞ is the unwrapped image obtained by applying Eqs. (1) and (2) to the warped image.
Stray Light Problem in RICE System
A good optical system must include effective lighting and imaging. Lighting can seriously affect image quality in the RICE system. An object can be illuminated with LEDs, but such a setup produces stray light and over-blooming. The light emitting from LEDs scatters on the annular transparent viewing window or reflects on the cone mirror, and then these rays pass through lenses without carrying any information about the object, as shown in Fig. 4 . 10 The over-blooming part will move to the top of the image when it is unwrapped.
Image Stitching Algorithms
Image stitching has been developed over a long period of time. It is always used in panoramic systems, which take a sequence of mutually related photographs at different times. RICE can also be applied as a panoramic system, which requires image stitching. The correlation between two sets of data can be computed mathematically using several methods. These include feature-based robust estimation, 11 the multi-resolution method, 12 scale-invariant feature transformation (SIFT), 13 statistical methods, and energy maps. 14 In this study, three statistical algorithms are used to stitch images in the RICE system. These are the mean absolute error (MAE), mean square error (MSE) and Pearson correlation coefficientbased methods. The corresponding formulas are Eqs. (3) through (5), respectively. The MAE uses an error to describe the difference between two sets of data. If the value is low, then the sets of data are highly correlated. The MSE method is based on the same concept, but the value depends on the square of the difference between data. [15] [16] [17] [18] The Pearson correlation coefficient Cðx; yÞ is a statistic that is obtained by computing the covariance and variance of data sets, a value of close to unity means a strong correlation. 
S is a sample image; R is the reference image; m × n is image size; x and y are the points of the highest correlation between S and R computed from the Pearson correlation coefficient, and μ S and μ R are the average of the sample and reference images. Hence, when the highest position of the highest correlation between the sample and reference images is determined, the images can be stitched by shifting the sample image to this position and the reference and sample images then combined.
Experiments and Image Processing
Experimental Setup and Image Capture
An experiment is carried out using RICE to capture radial images. The object is a tube, to mimic an intestine. The left side of Fig. 5 shows the experimental devices, including the CCD, lenses, the cone mirror, and a simulated object. The simulated object is a paramecium figure, which shown on the right side of Fig. 5 . 7 A paramecium figure is chosen because it has a complex shape with many edges, and so can be used to test whether the image-stitching algorithm is strong. A triaxial platform is utilized to move the RICE, and the shot rate is one image per millimeter. The RICE scanning of the object yields 70 images, which can be processed using the above algorithm. Before the images can be stitched, they must be unwrapped using Eqs. (1) and (2) . The Oðx 0 ; y 0 Þ of the warped image is (241, 241) because this point corresponds to the optical axis in the image plane. Figure 6 shows the warped and unwrapped images. Clearly, over-blooming and low resolution are evident at the center of the warped image. After the image is unwrapped, the over-blooming and low resolution are concentrated in the top region. The red dashed line indicates a clearly imaged region. According to the optical simulation, this region corresponds to the fifth and sixth fields, which had smaller spot sizes than the other fields. Therefore, the RICE imaging system can improve image quality by processing because it can use the high-image-quality region for stitching. 7 The arrowhead points from the fifth field to the sixth field. Figure 7 shows some sequential images, both warped and unwrapped.
Image Stitching
After the images have been unwrapped, the images are stitched using MAE, MSE, and Pearson correlation coefficient-based methods. Figure 8 shows the image-stitching process. The reference and sample images are two serial images, which have overlapping regions and are shifted relative to each other by an angle that is determined by the rotation of the RICE. Therefore, the three algorithms can be used to compute the position of highest correlation; the sample image is shifted to this position, and then the clearly imaged region is reversed and stitched to the bottom of the reference image. This action yields a new combined image, which includes parts of the reference and sample images. The computing resources used to process the images are an Intel Core 2 Quad CPU, a ASUS P5Q Q9500 motherboard, and 4 GB RAM. Figure 9 shows the object sample and the images that are reconstructed from the unwrapped images using the three algorithms. The three reconstructed images are very similar-they cannot be distinguished by the human eye. Their difference is determined using the peak signal-to-noise ratio (PSNR) formula, Eq. (6), in which the denominator MSE is as described above. The object sample and reconstructed image are used here, and the computation of PSNR transforms the colored image to the gray level to eliminate color distortion, which otherwise may affect the PSNR. Table 2 shows the results obtained using the three algorithms. The scan range is the block size of the sample image, which is used to scan the reference image so the position of highest correlation can be determined. The first four data in Table 2 were determined between two serial images. The results indicate that only the Pearson correlation coefficient algorithm is strong because the point of highest correlation does not vary with different scan ranges. However, the PSNRs of the MAE and MSE methods are lower than that of the Pearson correlation coefficient algorithm, which can be figured out from Eqs. (3) and (4). The two algorithms only consider the correlation of images by subtracting the image data directly. Unfortunately, if a singularity point (high intensity value) exists, it will affect the results when computing the correlation. The average computing time was about 6 sec because the Pearson correlation coefficient formula is more complex than MAE. Therefore, the following section uses only the Pearson correlation coefficient algorithm to reconstruct the images, which were captured in an experiment using a living animal.
Experiment Using a Living Animal
In the preceding section, an experimental environment that was ideal for image processing was established, enabling some otherwise problematic issues to be neglected. To model the practical use of RICE in the intestine, the ideal experiment should be replaced by an experiment using a living animal. The animal experiment involved a pig that had been raised in the white room of the Animal Technology Institute Taiwan. The pig was about two months old. Its belly was cut open by a professional surgeon to obtain the duodenum. Figure 10 shows the setup for the animal experiment. The advantage of this animal experiment is that the RICE can move through the duodenum naturally because the living duodenum moves in a manner that pushes the RICE forward. Figure 11 shows the image reconstruction result of the duodenum by the Pearson correlation coefficient algorithm. It can be found that misalignment occurred because the best scan range is difficult to find, as the results of Table 2 indicate. The size of the scan range affects the image stitching results very seriously in the non-rigid world. Besides, the real intestine is not an ideal cylindrical shape, and the surface is very rough. Hence, the optical transverse magnification is different in each field when RICE passes through the real intestine. Therefore, as mentioned previously, the imagestitching method should be improved in the non-rigid case. Figure 12 shows the deformation processing by using the vector comparison method. First, we used the Harris corner detector 21 to find the feature points of the two images S and T so that the feature points can form two vectors, each with a different intensity and direction. Therefore, the vectors should be tuned to the same intensity and direction. By computing the difference between the vectors, the gain of the x and y component between two images can be determined by Eq. (7),
where V x and V y are the lengths of the vectors in the x and y directions, respectively. Once the gain of the deformation points between two images is computed, it can be calibrated, which improves the misalignment problem. Figure 13 shows the stitching results between the Pearson correlation coefficient and vector comparison methods, and Fig. 14 shows the image stitching results (each result is stitched with 500 images). From the results, the misalignment problem can be improved by the vector comparison method and is better aligned than Pearson's method. However, Fig. 14(c) shows that some misalignment still occurred by using the vector comparison method. This is due to the RICE moving too fast in the intestine, which resulted in losing some image information and caused an unmatchable problem between two sequential images. This problem may be solved by increasing the camera frame rate. Another issue that should be dealt with is intensity inconsistency, which is due to light scattering by the liquid in the intestines, and produces the seam in the stitching result. This issue should be researched in more detail in the future.
Image Reconstruction in Cartesian Coordinates
This section discusses image reconstruction in the RICE system. Some fundamental concepts in geometrical optics are used to determine the geometrical positions. Figure 12 shows the positions of the object and the image, where point P 1 is the object point. To describe geometrical relations in RICE, Cartesian coordinates (r, θ, z) are used. Points v 1 and v 2 are imaged by the cone mirror at different times. Point I 1 and I 2 are the final images obtained by the lenses; S O and S I are the object and image distance; d is the air gap between the tip of the cone mirror and the object principal plane of the lenses; and R O and R I are the cone mirror radius of the object and image, where R I also equals the image circle in the image plane. The terms H 1 and H 2 are the heights of I 1 and I 2 , zðt 1 Þ and zðt 2 Þ are the heights of v 1 and v 1 , M is the transverse magnification, and L is the distance between t 1 and t 2 . The image plane in Fig. 15 shows the image point and R I . The height and radius of the image plane can be determined from the given pixel size. Therefore, the transverse magnification M equals R I ∕R O , and S I is about 2.86 mm. 7 Furthermore, the two similar triangles in Fig. 15 are used to get Eq. (8): 10 The environment of the animal experiment. Fig. 11 The image stitching of a young swine duodenum by the Pearson correlation coefficient.
where zðt 1 Þ equals z 1 because the angle between the cone mirror and the z axis is 45 deg, and zðt 2 Þ equals z 1 -L. Rewriting Eq. (8) yields Eq. (9), which can be solved for the depth r 1 and position z 1 of the object.
That's the reason why RICE can use only one cone mirror and lenses to reconstruct the object. Figure 16 shows the image reconstruction of duodenum by Eqs. (8) and (9) . The left side of this figure displays the full view of the stitching image with young swine duodenum, and the right side zooms in the rectangular range to show the depth information clearly.
Finally, the images captured by FICE and RICE should be compared. Figure 17 shows the intestine images captured by FICE and RICE. Figure 17 (a) shows four images captured by FICE. Due to the depth of focus, the FICE can create clear images in a small area. On the other hand, the RICE takes the radial direction images, and the object distance is short. Hence, it doesn't need a long depth of focus, and after the clear parts of the images are selected to stitch, the image quality is better, as shown in Fig. 17. 
7,22
5 Discussion and Conclusions In this work, images captured by the RICE system were processed and reconstructed using MATLAB software (MathWorks, Natick, MA). First, the image compression problem that is caused by the cone mirror is considered. It is solved by transforming the polar coordinates to rectangular coordinates. The second step is to identify a clear region in images to find the position of highest correlation between serial images, and then to stitch the images together. This work presented three algorithms for finding the position of highest correlation, involving the MAE, MSE, and Pearson correlation coefficient. An experiment under ideal conditions was carried out to compare these three methods. The method based on the Pearson correlation coefficient was the best: the position of highest correlation was independent of the scan range. The third step was to test the Pearson correlation coefficient-based method in a more complex case (in real intestines); thus, an experiment was carried out on a living animal. It was found that some misalignment occurred without any deformation processing. Hence, the vector comparison method was used to improve it. Finally, the image was reconstructed using Eq. (9) . All the object points were obtained using this equation, even when the RICE system had only one lens. This work presents a preliminary image reconstruction algorithm. However, the reconstructed image that resulted includes some color distortion that is caused by color aberration, so future work must try to figure out how to compensate for this distortion by calibration. This calibration involves estimating the spectral sensitivity of the CCD sensor using eigen-spectrum methods. The estimated sensor spectral sensitivity can be mapped to real colors using the standard color mapping function of CIE 1931.
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